concentrator to quantify the amount of energy that impinges on the receiver at a particular time. 
50
error is commonly called contour error. The second is the error produced by the specular reflection 51 of the material; this error is mainly due to surface roughness, i.e., surface imperfections at micro and 52 meso-scale [13] .
53
In this type of collector, the lack of solar radiation on the lower part of the receiver can be resolved 54 by matching the acceptance angle of the concentrator with the solar vector, thereby obtaining a more 55 homogeneous impinging of the sun´s rays on the concentrator. It is important to consider that a 56 uniform solar illumination of the receiver area is desired, due to the intense radiation generated by 57 the concentration effect. If there are deformations or manufacturing defects on the concentrator 58 surface (or misalignment), radiation hot spots will be promoted, giving an uneven distribution of 59 heat on the receiver. These types of errors can be ignored for a high conductivity receiver, but 60 practical systems require the minimization of this issue if proper heat transfer is desired [13] [14] [15] .
61
A solar concentrator depends greatly on its focal alignment, thus, in static systems, a significant loss 62 in energy availability can occur [1] . Ray tracing software is a very useful tool, since it allows the user 63 to estimate the amount and distribution of concentrated solar energy that the receiver is capable of 64 transmitting at any moment, defining geometry and construction materials. For example, in 2010,
65
Colina -Marquez used a solar tracing software tool to determine energy distribution on the receiver,
66
testing three reflective surfaces [16] . In 2014, Kuo [17] proposed a modification in the positioning of 67 the receiver, varying the focal point from the relationship between height and diameter, and found 68 that the optimal ratio between them was 0.46; the angle of incidence from 1.5 to 6 degrees was also 69 evaluated using a ray tracing analysis to estimate the amount of concentrated energy in the receiver.
70
In the same year, Waghmare presented a ray tracing-based analysis, which analyzed the effect of 71 limiting the diameter of the receiver in order to reduce optical losses [18] . Yurchenko established a 72 ray tracing analysis for the optical and thermal optimization of a CPC, resulting in the use of a 73 configuration of V vents with which an optimal value was obtained for the positioning of these in 74 the receiver for a typical CPC [5] . In 2015, Chen analyzed a two dimensional CPC with a tubular 75 absorber, varying the collector's profile and truncating the reflector to a lower height; the CPC is 76 seasonal tilted and is oriented to east -west. Using the ray tracing method, a numerical model is 77 developed to study the performance of the modified collector [19] . In 2016, Bellos applied the use of 78 a ray tracing tool combined with finite element analysis to optimize a CPC design from optical and 79 thermal performance [20] .
80
According to Kalogirou, CPC is classified as a medium temperature application (100 -250 °C) [8, 21, 81 22]. The present study proposes the dimensioning of a CPC system that operates in a low 82 temperature range (40-60 °C), using Tonatiuh ® ray tracing software to determine the energy 83 availability in two scenarios; static and multi-position setups. The study also proposes the use of a 84 ray-tracing tool to help in the design of a low temperature CPC system [20, 23] . The analysis for this 3 of 19 particular work was carried out in the geographic location of Merida, Mexico; however, it could be 86 used in any region of interest.
87

Materials and Methods
88
Concentrator Factor
89
The concentration factor, CR, together with the receiver diameter represents the basic parameters for 90 a CPC design. For the CR, the relative movement of the sun in the celestial vault throughout the 91 year (Analemma) is taken into account, and the calculation is carried out with reference to the solar 92 noon using the equations proposed by Duffie [2] . For the coordinates of this study (21.02° N,
93
-89.63° O), the summer solstice, the maximum angle of the sun is -4.27°, taking as a reference the 94 vertical (Y axis), whereas in the winter solstice, the maximum angle reached is 42.16°.
95
It is well known that a high concentration factor gathers more energy; however, this entails the need 96 for more periodical adjustments during the day. Based on this, and taking into consideration the 97 solar trajectory in the celestial vault, in order to reduce the loss of solar incidence throughout the 98 year, a concentrator acceptance angle of 45° was selected.
99
Before calculating the available energy at the receiver and in order to facilitate a better 100 understanding of the results of solar ray trace campaign, the concentrator acceptance angle aligned
101
with β (inclination angle of the concentrator) was evaluated. 
107
shows that for the 25 mm tube, there would be twice the available energy compared to the 13 mm 108 diameter, which is congruent since the area exposed to the sun´s energy increases in the same 109 proportion, applying the same correspondence for other diameters. 
112
receiver diameter
113
In order to select the receiver diameter, and for comparison purposes, the volume of a commercial
114
flat plate solar heater of 1 m 2 was taken as a reference, which has 10 copper tubes 13 mm in diameter
116
an internal diameter of 51 mm was required.
117
Concentrator design
118
The concentrator is composed of two identical curved reflecting surfaces placed in such a way that 119 both surfaces are oppositely reflecting a focal point [1, 2, 20, [24] [25] [26] 
122
Equations for the CPC profile in Cartesian plane were described by Winston and Rabl [1, 2, 20] ;
123
however, the equations applicable to this study were described by Eduardo Rincón 
141
For the present study, equations 1 and 2 with their respective evaluation limits, and the receiver 142 diameter, were used to determine the width and height of the concentrator.
143
In order to speed up the thermosiphon and reduce the scale accumulation in the receiver wall (at 144 higher temperatures), which interferes with the heat transfer process and, in consequence, reduces 145 the efficiency; a 3 W submersible pump was installed in the system, which provides a maximum 
160
A virtual model was generated using Tonatiuh ® software, taking into consideration characteristic 
194
Tonatiuh ® ray tracing software has a fixed sunshape, with the shape of the sun being understood as 195 the variation in the radial energy distribution of the sun derived from its consideration as a evaluated using the same weather conditions (season, radiation and time value). The results
198
obtained are shown in Table 2 , where values in Pillbox are slightly higher than in Buie, with the 199 highest difference corresponding to spring with 9.36 kJ (0.31%) and the lowest difference 200 corresponding to autumn with 3.39 kJ (0.11%), indicating that no significant differences were found.
201
Further analysis was conducted with the multi-position setup in order to prove the similarity 202 response, finding an agreement in all cases. Since both techniques gave similar results, for this study the pillbox sunshape was chosen due to the 205 simplicity of its process. Direct normal irradiance (DNI), which is the incident power in the direction 206 of propagation of the solar radiation captured in a surface unit, was fixed at 1000 W/m 2 . In all cases, 207 the equinox of spring and autumn are taken into account, as well as the summer and winter solstice.
203
208
Since the highest and lowest apparent positions of the sun in the sky are reached in the solstice, the 209 maximum is in summer with the angle of -4.27° and the lowest in winter with the angle of 42.16°,
210
both with respect to the vertical, as shown in Figure 2 (a); subsequently, the location coordinates 211 were considered. This allows us to calculate the angular parameters, azimuth and elevation angle in 212 the study time. In order to obtain a confidence level of 97%, according to Blanco [30] , a ray tracing of 213 1´000,000 rays was chosen for the analysis.
214
Data generated from the ray trace software requires the designing of a post-processing algorithm for 215 data analysis. A Matlab ® algorithm was designed to identify data from sun photons and to classify 216 them as primary, secondary (by rebound), tertiary, etc., in order to provide numerical values (ID,
217
coordinates, power per photon, etc.,) and the location of photon impact on the receiver.
218
The proposed prototype, which is represented in Figure 4 , uses a heat isolated metallic box to 219 support and hold the receiver tube; the walls of the box also help to avoid heat exchange between the 220 receiver and the environment. In addition, a commercial 4 mm thick, flat glass cover was placed on 
224 225
Figure 4 CPC prototype for the present study
226
The concentrator was designed with 95% high reflectance aluminum (specular reflectivity),
227
according to ASTM 891-87, where the incident ray on this surface is reflected at the same angle of
228
incidence with respect to the normal surface. The values of the optical properties of the materials are 229 shown in Table 3 . 
230
234
The importance of the optical analysis lies in the fact that it provides information regarding the 235 available energy at the receiver. The input energy was determined using the ray tracing tool and 
240
can determine the path that it follows, impacting the receiver or leaving it out, thereby determining 241 the energy that the receiver reaches.
242
If the diffuse radiation is taken into account, it is important to consider that the energy and impact
243
angle of a photon is difficult to estimate, since the path depends on the particles present in the 
258
To determine the available energy at the receiver, a virtual model is proposed which takes into 259 account the properties of the materials (concentrator, receiver, covers) as well as dimensions,
260
system configuration, position of the sun and the amount of available solar irradiation.
261
For this study, the following assumptions were made:
262
(1) The CPC geometric concentration ratio (CR) is expressed using the formula used by Hsieh
263
[28]:
(2) The system is considered to be free of manufacturing errors.
265
(3) The physical and optical properties of the materials are assumed to be temperature 
269
Once the virtual model is implemented, with the characteristics of sun and materials introduced, the 270 energy availability at receiver can be obtained. 
279
For the analysis, it is assumed that the ray trajectory equals the angle of incidence and the reflected 280 radiation (R); that is, they comply with the Fresnel law. In this sense, the spectral reflectance depends 281 on the reflective material with its refractive index. Before proceeding, it was necessary to determine 
289
The incident angle can be determined by:
291
In practice, real surfaces are far from ideal; they are related to wavelength and incidence angle 292 (specular reflection). The specular reflection is subjected in the same way to Fresnel's law; which 
304
Useful heat: 
312
Optical efficiency:
where:
Thermal efficiency:
Results and Discussion
317
Static position setup
318
The results of the ray trace campaign, positioned at 21° (as the static format), are shown in Table 4 .
319
The values are grouped in columns corresponding to the seasons of the year, and the rows to a 331 Table 4 shows the complete energy availability gathered with the ray trace software. The 
340
Another interesting fact observed is that in winter and summer, there is a total of three hours in 341 which the incidence of photons is very low (values less than 130 kJ). This is due to the effect of the 342 concentrator lateral walls and the relative position of the sun in the celestial vault. Figure 6 shows 343 the virtual model with a visual representation of these cases, evaluated in summer. To provide
344
further information on the effect of shading by the lateral walls, the ray tracing evolution through 345 the subsections is plotted. In Figure 6 (a, f) it is noticeable that at 8 h, rays impact the lateral wall and 346 an external part of the CPC concentrator (non-reflecting surface). Photons that impact the 347 concentrator on the reflecting surface are rebound and impact the receiver, although some of them 348 go from one side to another of the concentrator until they leave this without impinging on the 349 receiver. This is due to the photons having an angle of incidence which is greater than 47° with 350 respect to the horizontal. The non-impacted area of the receiver is shown as a white space. Figure   351 6(b, g) shows how the shading effect decreases and the impacts on the receiver increase. Direct
352
impacts occur on the top of the receiver due to the sun´s direct rays and on the sides and bottom
353
parts of the system due to reflection from the concentrator, which contribute to the sum of the 354 energy. Figure 6 (c, h) shows that at 12 h, the number of photon impacts are still incrementing. The 
Multi-position setup
381
The results of the evaluation of energy distribution in the receiver in a multi-position setup are
382
shown in Table 5 . The evaluations are carried out for the same time span, from 8-17 h. The 383 adjustments of the system were implemented manually (see details in Figure 4 ). After carrying out 384 the data processing routine, energy availability information was gathered; shown in setup. One can observe that energy availability in spring is 3,641 kJ, 5.68% less than autumn, the 395 highest total energy recorded (3,860 kJ), whereas in summer it is 3,477 kJ, 9.93%, less than autumn 396 also. Interestingly, on comparing summer versus winter, a difference of only 3.07% can be observed.
397
A detailed inspection of Figure 8 shows that there is similarity in the curve patterns, where the total 
405
A data comparison of the static setup (Table 4 ) and the multi-position setup ( 
419
Complementary to the analysis, the photons impinging on the receiver was evaluated with only the 420 two less energetic seasons (winter and summer), although the analysis was carried out for the four 421 seasons. Figure 9 shows a comparison of these two seasons, the other two resulted visually equal 
473
determine the strength and weakness of a prototype before its construction. Adverse conditions such 474 as winter can be predicted and adjustments can be made to adequate the CPC design prior to its 475 construction. The annual energy distribution in the receiver was analyzed, and it proved to be useful 476 for predicting the energy availability, allowing the implementation and use of strategies to reduce 477 heat losses, based on the ideal conditions.
478
From this study, with the data provided, it was possible to determine that, with the use of the static 479 setup of the CPC throughout the year; the energy availability was 22% more for the multi-position 480 setup, resulting in a more attractive alternative. Therefore, the multi-position setup can be taken into 481 consideration as part of a further study for an improved system construction and its validation. 
489
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